The response of cellular NAD+ metabolism to DEN and/or ABA and the carcinogenesis of the liver initiated by DEN and ABA were studied in rats. The liver NAD+ level was depleted by an ip injection of 20 mg or 200 mg/kg body weight of DEN. ABA, administered ip at a dose of 600 mg/kg simultaneously with or 4 hours after DEN, prevented the depletion of NAD' by DEN. These biochemical findings correlated with the changes of conspicuous intranuclear immunofluorescence of poly(ADP-ribose), which were studied by immunohistochemistry. When initiated by 20 mg/kg body weight DEN and 600 mg/kg ABA and then processed to selection pressure, the liver was found to be capable of developing hepatocellular carcinomas with or without PB promotion. These results suggest that the inhibition of poly(ADP-ribosylation) might lead to irreversible initiation of liver carcinogenesis by DEN in rats.
INTRODUCTION
Recently, we found that DEN initiation of liver carcinogenesis was enhanced by inhibitors of NAD+ ADP ribosyl transferase (ADPRT) in rats (10, 20, 21) . This finding suggests that ADPRT and associatcd DNA repair plays an important role in the early stage of liver carcinogenesis. Recent evidence indicating poly(ADP-ribosc) participates in DNA damage and repair comes from a variety of observations including thosc on the response of cellular NAD' metabolism and poly ADP-ribosylation to DNA damage (5, 9, 15, 17) , the inhibition by ADPRT inhibitors ofDNA repair (4, 5, 12, 22) , and their potentiation of cytotoxicity (4, 5 , 22) . In this paper, we describe the response of cellular NAD' metabolism to DEN and/or ABA and the development of hepatocellular carcinomas from foci initiated by DEN and ABA. We also discuss a possible model for a new experimental approach to the analysis of the mechanisms of liver carcinogenesis in rats.
approximately 200 g each were used throughout the experiment. Rats were given a commercial stock diet (Oriental MF, Oriental Yeast Ind., Tokyo, Japan) or the same diet supplemented with 0.02% 2-acetylaminofluorcne (AAF) or 0.05% phenobarbital (PB). Water was given ad libititin. Rats were weighed weekly and sacrificed by decapitation in the acute experiment and under ether anesthesia in the chronic experiment. NAD+ Measiireirieiit. DEN (Wako Pure Chemicals Ind., Osaka, Japan) was dissolved in 0.9% NaCl (saline) at a concentration of 50 mg/ml and given ip at doses of 20 mg, 100 mg, and 200 mg/kg body weight. ABA (Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan) was dissolved in dimethylsulfoxide (DMSO; Sigma Chemical Co., U.S.A.) at a concentration of 300 mg/ml and given ip at doses of 100 mg, 300 mg, and 600 mdkg body weight. An authentic sample of/?-NAD+ was purchased from Sigma Chemical Co., U S A . Nicotinamide was purchased from Nakarai ChemicaIs Ind., Kyoto, Japan. 5-Ethylphen-MFTIIODS azium ethyl sulfate (PES) and ethylenediaminetetraacctic acid (EDTA) were purchased from Nakarai Chemicals Ltd., Kyoto, Japan. 3-(4,5-Dimcthylthiazolyl-2)-2,5-diphenyltetrazolium bromide ( M n ) and alcohol dchydrogenase were from Sigma Chemical Co., U.S.A. All other reagents were Aiiinzals. Male Fischer 344 rats (Shizuoka Laboratory Animal Center, Shizuoka, Japan) weighing of the highest grade available from commercial sources. The cellular NAD+ level was measured using the method described by Bernofsky and Swan (l) , and modified in our laboratory. One gram of individual liver was homogenized with 9 ml of cold 0.05 M potassium phosphate buffer and immersed in a boiling water bath. This procedure was executed as soon as possible after sacrifice of the rats. After immersion, the samples were cooled in an ice bath and centrifuged at 1,000 x g for 10 min at 4°C. The supernatant was then preincubated with 1.2 M bicine-Na buffer at pH 7.8 containing 5 mM PES, 5 m M MTT, 6 hf ethanol, and 50 mM EDTA in the dark-room at 30°C to establish thermal equilibrium. The assay was initiated by adding alcohol dehydrogenase, which was reconstituted with 40 mM Tris, 40 mM KH,PO,, and 20 mM Na,P,O, (final pH 8.1) immediately before use. Authentic sample was added instead of supcrnatant as a preincubation control.
Changes in absorption were measured at 570 nm by a spectrophotometer, model 124, Hitachi Ltd., Tokyo, Japan.
Indirect Ittiimitiohistocheitiical Sttidies of Poly(ADP-ribose) Localization. Purified antibody against poly(ADP-ribose) was kindly supplied by Dr. K. Ueda, Department of Medical Chemistry, Kyoto University, Kyoto, Japan. Numbers of rats, doses of DEN and ABA, and the times of sacrifice are shown in Table 11 . The method for this study was based on a previous description (7). The liver was removed and immediately frozen in a dry ice/ acetone mixture. Tissues were sectioned at 2 pm in a cryostat. The sections were then thawed on glass slides, dried with a fan at 4"C, and fixed with 95% ethanol for 5-10 min at 0°C. The sections were incubated for 30 min at 37°C in a constant humidity chamber with rabbit anti-poly(ADP-ribose) antibody (diluted to 0.1 mg proteidml with phosphate buffered saline (PBS) at pH 7.4). Controls were incubated with preimmune rabbit IgG. Slides were washed by immersing and agitating in PBS three times. Washed sections were then incubated for 30 min at 37°C with FITC-conjugated swine anti-rabbit IgG antibody (IgG) diluted 10-fold with PBS and washed as above. Slides were observed with a Nikon fluorescence-microscope with an epi-illumination system.
Chronic Sttidies. Rats were divided into seven groups according to the treatments. The experimental schedule used in this investigation was such that the selection regimen developed by Solt and Farber (1 8) and modified by Cayama et a! (2) was followed by the basal diet or the diet containing PB. Group 1 received DMSO 4 hours after saline. After a 2-week recovery period, they were placed on the selection regimen in order to stimulate the rapid growth of resistant hepatocytes. Five weeks after the initial saline treatment, they were started on the diet containing PB. Group 2 received DMSO 4 hours after DEN and the same treatment as Group 1.
Group 3 received ABA 4 hours after salinc and the same treatment as Group 1. Groups 4 and 5 received partial hepatectomy4 hours after DEN and the same treatment as Group 1 except they received the basal diet instead of the diet containing PB, as in Group 5. Groups 6 and 7 received ABA 4 hours after DEN and the same treatment as Group 1 except they received the basal diet instead of the diet containing PB, as in Group 7. DMSO at a dose of 2 mVkg body weight, DEN at 20 mg/kg, and ABA at 600 mg/kg were injected ip. All rats were sacrificed under ether anesthesia 49 weeks after the initial treatments. The liver was removed, weighed and examined histologically. Table I represents the effects of DEN and/ or ABA administered simultaneously on the NAD+ level in rat liver. The administration of DEN alone depleted, dose-dependently, the NAD level at 4 and 12 hr, while ABA completely prevented this depletion, as observed after injection of 20 or 200 mg/ kg body weight of DEN. The preventive effect of the post-treatment of ABA on the depletion of the NAD' level by DEN is shown in Fig. 1 . ABA, at a dose of 600 mg/kg body weight administered 4 hr after administration of 20 mg or 200 mg/kg body weight of DEN, clearly prevented depletion of NAD'.
RESULTS

Prcvetitiort of ABA of NAD+ Level Depletion by DEN.
Eflect of ADA 011 Poly(ADP-ribose) . The conspicuous intranuclear immunofluorcscence of poly(ADP-ribose) in rat hcpatocytes after DEN or ABA administration is summarized in Table 11 . ABA decreased the conspicuous intranuclear immunofluorescence while DEN, especially at 200 mg/kg body weight, increased it. ABA administered 4 hours after DEN prevented the increase of intranuclear immunofluorescencc, but this effect did not persist up to 24 hours.
Developirient of Hepatocelliilar Carcinoiria in the Liver Initiated by DEN arid ABA with or Willtolit PB. The results are shown in Table 111 . Hepatocellular carcinomas developed in rats from Group 2 and from groups 4 to 7 (Figs. 2 and 3 ). With respect to tumor incidence, the effect of PB could not be discerned after initiation with DEN and partial hepatectomy and the promotion of lesions initiated by DEN and ABA was observed.
DISCUSSION
It is evident from the present experiment that DEN administration depleted rat liver NAD' dosedependently. It is known that ADPRT of the cell nucleus has the property of being entirely dependent on DNA for its enzymatic activity (3, 11) and that the treatment with DNA damaging agents causes a rapid conversion of NAD' to poly(ADP-ribose), resulting in increased ADPRT activity and decreased cellular NAD' levels (16) . These effects on ADPRT and NAD' were confirmed in the present experiment since the fall of the NAD' level reached a maximum 8 hours after the administration of 200 in intranuclear immunofluorescence of poly(ADPribose). ABA administered simultaneously with, or 4 hours after ABA prevented the depletion of NAD+ levels by DEN. Shall (16) reported that ADPRT activity is required for efficient DNA strand rejoining. 23) demonstrated, by an alkaline sucrose gradient study, that streptozotocin generates DNA strand breaks in insulinoma cells of pancreatic islets and that nicotinamide inhibits the rejoining of these streptozotocin-induced strand breaks. The recent demonstration that ABA en- mas (6, 14) . However, it is known that the vast majority of foci and hyperplastic nodules disappear after removal of the animals from the carcinogenic diet (6). In thc prescnt experiment, wc administered PB as a promoter continuously after initiation and selection pressure, which is a frequently used protocol for the detection ofpromoters (8). Indcpcndent of subsequent promotion, DEN and ABA initiated foci were capable of development through hypcrplastic nodulcs to form hepatocellular carcinomas.
Test systems of liver promoters have been devcloped utilizing partial hcpatectomy in thc initiation step (14) . Our results provide a basis for a more convenient system for defining livcr promoters since a single ip injection of ABA is easier to perform than partial hepatectomy (PH). The importance of poly(ADPribosylation) in cancer research has bccn described (19) . Carcinogenesis is regarded as a multistep process, initiated by DNA damage, gene mutation, and gene rearrangement, and ending with tumor development. Detailed studies of the involvement of poly(ADP4bosylation) in each of the numerous steps leading to expression of the cancer cell phenotype should be made in the future.
